In this letter, we demonstrate the ability of our reflection mode scanning near-field optical microscope functioning in the mid-infrared to reveal infrared dielectric contrast in absence of any topographical contrast. This contrast is induced by local structures prepared by low energy boron implantation in silicon. © 1997 American Institute of Physics. ͓S0003-6951͑97͒04231-9͔
The miniaturization of the components in microelectronics requires nowadays the study of the charge distribution in semiconductors with a submicronic spatial resolution. This high resolution is essential in the metrology of integrated circuits. This local study may also be of importance for local characterization of conductivity in various solids such as superconductors whose properties can be spatially not homogeneous in ''the normal state.' ' The free carrier density can be revealed by optical methods such as near and midinfrared reflection, transmission, and spectroscopic measurements.
1 These optical measurements are becoming more popular, notably because of the soft interaction between the light field and the materials. The spatial resolution of these techniques however is physically limited by diffraction. For example, at ϭ10 m, the fundamental limit of spatial resolution is 5 m, which is not enough to characterize carrier distribution in submicronic modern electronic devices.
Recently, a reflection mode scanning near-field optical microscope ͑SNOM͒ using an apertureless probe has been introduced, 2 its use in the mid-IR region (ϭ10.6 m), in a dark field configuration, has allowed to achieve a /600 optical resolution ͑17 nm͒.
3 Figure 1 reminds the principle of this IR SNOM configuration. It consists on a grazing incidence of an IR light beam issued from a CO 2 laser, in p polarization. The IR light is focused onto the surface sample above which an apertureless metallic tip ͑tungsten͒ vibrates. Results of numerical calculations 4 have shown that for p polarization, we observe a strong enhancement of the electric field intensity just below the tip apex. The tip is prepared by electrochemical erosion of a bent tungsten wire, this technique is detailed in Ref. 5 . The radius of curvature of the tip end is smaller than 20 nm. The tip end may be viewed as a Rayleigh particle which scatters in local interaction with the sample surface, that is to say in the sample near-field. The tip vibration allows to perform lock-in detection at the vibration frequency ͑typically 5 kHz͒ of the scattered light collected with a Cassegrain objective in the far-field. This permits one to get out, from the total intensity received by the detector, the small part which corresponds to light scattered by the local interaction between the Rayleigh particle and the optical/topographical properties of the sample. This small near-field component thus depends on the local sample properties which can thus be characterized with a submicronic resolution. Simultaneously, the accurate measurement of the tip vibration amplitude allows to perform a tapping-mode atomic force microscope ͑AFM͒ procedure which maintains constant the average sample-probe distance during scanning, and provides an AFM image of the sample surface through the feedback signal. This AFM image allows a better interpretation of the SNOM image in terms of respective influence of both local topographical and optical sample properties on the SNOM image. The study of this influence is of importance, because the surface topography of the sample has, in general a large influence on the SNOM signal which can become more sensitive to the relief than to the optical properties of the sample. 6 Indeed, the main purpose of nearfield optics is not to compete with AFM by measuring topography, but rather to study local optical properties of the sample.
In this letter, we demonstrate the ability of our set up, described in Ref. image exhibiting a pure dielectric contrast at ϭ10.6 m, with a nanometric resolution.
In order to perform this experiment, a sample has been prepared by ion beam implantation technique. This technology is highly used to produce components of microelectronics, such as field effect transistor ͑FET͒ for power application, 7 metal-semiconductor field-effect transistor ͑MESFET͒ GaAs, 8 and Si detectors. 9 The studied sample is made of various boron patterns implanted in a silicon substrate. The implantation dose was 3.10 15 cm Ϫ2 and the ions energy 100 keV. Figure 2 shows the concentration of implanted boron atoms versus the distance ͑in Si͒ from the Si surface. We notice that the peak of concentration is at a 350 nm distance, the concentration at half-maximum is 9 ϫ10
19 cm Ϫ3 and the full width at half-maximum ͑FWHM͒ is about 130 nm. The implanted patterns corresponds to periodic structures with various spatial periods and various linewidths. The implantation boron dose has been adjusted to be smaller than the critical dose which makes amorphous the Si surface and the samples have been annealed. Therefore, after implantation, neither surface topography nor surface roughness does exist: this sample presents only dielectric contrasts. We have double checked the topography with an image of the implanted areas using commercial AFM which has allowed us to confirm that the surface flatness is less than 1 nm. Another advantage of the low implantation dose is that no overlapping can be induced between the gratings boron implanted lines, they are perfectly separated spatially.
The annealing provides the activation of impurities that is to say a free carriers distribution. So the refractive index difference increase at longer wavelength between the implanted lines and the Si substrate. Indeed, using a Drude model, we have calculated the variation of the optical constants with wavelength of the doped areas ͑hole concentration ϳ9ϫ10 19 cm
Ϫ3
͒ in the midinfrared region of the spectrum, Fig. 3 shows this variation. At 10.6 m undoped silicon is a pure nonabsorbing dielectric material and has a refractive index nϳ3.42, whereas doped silicon exhibits n and k values of 1.3 and 4.11, respectively. Figure 4͑a͒ shows a 10 m by 10 m AFM image and Fig. 4͑b͒ an IR SNOM one of the sample, described above. The AFM image shows that the sample presents a flat surface ͑the variation observed during the scanning corresponds to a slight slope of the sample͒. Nevertheless, the reflection mode near-field optical image presents a clear contrast, which is related to the dielectric contrast between the doped lines and the Si substrate at 10.6 m. We distinguish three lines by the rising of the SNOM signal when passing from the nondoped areas to doped zones. Further, the SNOM signal shows a phase change in reflection. To understand this behavior the signal is calculated as being the difference between the reflected intensities at two positions from the sample considered as a reflecting media of several optical properties, and we demonstrate a sign changing when passing from silicon to doped silicon. These two positions correspond to the up and down positions of the tip vibration, and the tip apex is viewed as a Rayleigh particle which scatters the local intensity. A diagonal profile of the SNOM image gives us the line half-bandwidth which is about 2 m for this 4 m grating period. The lateral optical resolution here is about 400 nm which corresponds to the depth of the implanted layer.
In summary, we have presented here an application of the reflection mode IR SNOM to local charges distribution studies with a better resolution than the classical microscopy by performing a SNOM image of boron implanted patterns in a silicon substrate. The obtained results are very encouraging, and we started to extend these studies to both semiconductors imaging and high critical temperature superconductors control expecting, in this last case, the revelation of heterogeneity in microdomains conductivity.
